This study examines the utility of morphology and DNA barcoding in species identification of freshwater fishes from north-central Nigeria. We compared molecular data (mitochondrial cytochrome c oxidase subunit I (COI) sequences) of 136 de novo samples from 53 morphologically identified species alongside others in GenBank and BOLD databases. Using DNA sequence similarity-based (≥97% cutoff) identification technique, 50 (94.30%) and 24 (45.30%) species were identified to species level using GenBank and BOLD databases, respectively. Furthermore, we identified cases of taxonomic problems in 26 (49.00%) morphologically identified species. There were also four (7.10%) cases of mismatch in DNA barcoding in which our query sequence in GenBank and BOLD showed a sequence match with different species names.
| INTRODUC TI ON
Nigerian freshwater bodies include reservoirs, lakes, rivers, ponds, and perennial swamps which constitute about 12% of Nigeria's total surface area (Ita, Sado, Balogun, Pandogori, & Ibitoye, 1985) . They are richly endowed with fishery resources of more than 268 species of freshwater fishes (Froese & Pauly, 2017; Olaosebikan & Bankole, 2005; Olaosebikan & Raji, 1998) . These serve enormous socioeconomic importance as sources of animal protein, income etc.
However, over the years, reports have shown decline in the number of fish caught from most Nigerian inland waters (Oguntade, Oketoki, Ukenye, Usman, & Adeleke, 2014) . This could be attributed to inadequate management of fisheries, climate change, pollution, and degradation of water bodies (Odo, Nwani, & Eyo, 2009 ). The impact of environmental pollution and other human activities on fish diversity cannot be overestimated. Hence, improved management plans and conservation approaches will aid in preventing loss of Nigerian fish diversity.
Accurate identification of species is a pivotal component in conservation efforts. The use of traditional methods (morphological characters) in species identification is common in Nigeria. In fact, about 48% of Nigerian freshwater fish species have been characterized using this method (Nwani et al., 2011) . Although the use of morphological approach can be incorrect (Ward, Hanner, & Hebert, 2009 ), its accuracy has not yet been tested for Nigerian fishes. The challenges of the use of morphology lie in the discrimination of closely related organisms (Rasmussen, Morrissey, & Hebert, 2009 ).
This has paved way for the development of improved molecular approaches for identification of fish species (Abdullah & Rehbein, 2017; Nazarov et al., 2012; Nwani, Eyo, & Udoh, 2016; Ratnasingham & Hebert, 2007) .
Different DNA-based methods, particularly DNA barcoding, have been evaluated for identification of fish species in Africa including Nigeria (Nwakanna, Ude, & Unachukwu, 2015; Nwani et al., 2011) . DNA barcoding is a species identification tool, the information from which may be used as a conservation tool or potentially as part of the evidence to delimit species (Crawford, Alonso, Jaramillo, Sucre, & Ibáñez, 2011; Crawford et al., 2012; Gehring, Ratsoavina, & Vences, 2010; Nazarov et al., 2012; Vargas, Araújo, & Santos, 2009 ).
It involves the use of 5′ region of the mitochondrial cytochrome c oxidase subunit I (COI) as a target gene (Hebert, Cywinska, Ball, & deWaard, 2003) . DNA barcoding has been proven effective in facilitating rapid species identification when compared with morphological taxonomic approach (Hebert et al., 2003) . For instances, in several studies, more than 98% of the analyzed species were clearly identified using DNA barcoding approach (Costa et al., 2012; deWaard, Hebert, & Humble, 2011; Liu & Zhang, 2018; Steinke, Zemlak, & Hebert, 2009 ; Valdez-Moreno, Ivanova, Elías-Gutiérrez, ContrerasBalderas, Ward, Zemlak, Innes, Last, & Hebert, 2005; Zhang & Hanner, 2011) . Studies have also documented the usefulness of DNA barcoding approach in unraveling cryptic lineages within many species of fish (Benzaquem, Oliveira, da Silva Batista, Zuanon, & Porto, 2015; Mat Jaafar, Taylor, Mohd Nor, de Bruyn, & Carvalho, 2012; Mohammed, Manal, Rasha, & Magdy, 2016) . Thus, DNA barcoding could be an effective genetic tool that would assist Nigerian conservation managers in identifying species accurately and uncover hidden diversity.
To date, there are no studies on the DNA barcoding of freshwater fishes in north-central region of Nigeria. Herein, we explored the use of DNA barcoding as reliable molecular tool for identification of fish species obtained from the north-central Nigeria. We evaluated and compared GenBank and BOLD databases for use in species identification. Furthermore, we compared the taxonomic reliability of morphological method against DNA barcodes. Finally, we examined the usefulness of DNA barcode reference data in uncovering cryptic lineage diversity in fish species from north-central Nigeria.
| MATERIAL S AND ME THODS

| Sample collection
We collected one hundred thirty-six (136) freshwater fish samples belonging to 53 species between 2016 and 2017 (Table 1) .
Our sampling covered nine (9) inland water bodies (Oyun and Asa recover four lineages. Evidence of genetic structuring is consistent with geographic regions of sub-Saharan Africa. Thus, cryptic lineage diversity may illustrate species' adaptive responses to local environmental conditions. Finally, our study underscores the importance of incorporating morphology and DNA barcoding in species identification. Although developing a complete DNA barcode reference library for Nigerian ichthyofauna will facilitate species identification and diversity studies, taxonomic revisions of DNA sequences submitted in databases alongside voucher specimens are necessary for a reliable taxonomic and diversity inventory.
K E Y W O R D S
Biodiversity, conservation policy, geographic variation, integrative taxonomy, mitochondrial DNA, population divergence TA B L E 1 List of species including voucher's specimen number, species name, locality information and GenBank accession number (Table 1) . Morphological identification using fish guide could not be achieved due to unavailability of whole fish specimens. We preserved tissues in 95% ethanol and subsequently stored under −80°C.
| DNA extraction, polymerase chain reaction (PCR), amplification and sequencing
We used proteinase K to digest the ethanol-preserved tissues and followed the standard phenol-chloroform extraction procedure to extract the total genomic DNA (Sambrook & Russell, 2001 ). The concentration of the extracted DNA estimated using a UV spec- 
| Sequence assembly and data analyses
The nucleotide sequences were viewed and confirmed by eye using SeqManTMII (DNASTAR Lasergene 7). They were aligned in MEGA 7.0 using ClustalW (Kumar, Stecher, & Tamura, 2016) a similarity cutoff of ≥97% was used for species level identification for sequences submitted to both GenBank and BOLD databases.
The submitted sequence was matched to a species with the highest similarity score. We further compared species names assigned using morphology, GenBank and BOLD databases. Using BOLD database, we estimated the Barcode Index Number (BIN), average 
TA B L E 1 (Continued)
and maximum intraspecific distance, average genetic distance to the nearest neighbor and the nearest neighbor member for each species.
We used MEGA v. 7.0 to create a neighbor-joining (NJ) tree based on the Kimura 2 parameter distance (K2P) (Kimura, 1980) Upon discovery of deeply divergent lineages within species, further genetic analysis was carried out to investigate possibility of cryptic lineage diversity. To infer this, we downloaded additional related sequences of such species from the GenBank ( Table S1 ).
The Bayesian Inference (BI) analysis was rooted with a closely related species as out-group taxon. We partitioned the COI gene into codon position 1, 2 and 3. Evolutionary model testing for each of the partitioned codon was performed using JMODELTEST (Posada, 2008) . Furthermore, models were selected: GTR + G for the first and third codon positions; and F81 for the second codon position.
Phylogenetic relationships were evaluated using a Bayesian framework as implemented in BEAST v1.6.1 (Drummond & Rambaut, 2007) . Analysis was run for 20 million generations with sampling every 1,000th generation. Two independent runs with four Markov chain Monte Carlo Chains (MCMC) were performed. We excluded the first 25% of the tree as burn-in before the log-likelihood scores stabilized. A 50% majority rule consensus of the sampled trees was constructed and visualized using FigTree v1.4.2 (Rambaut, 2012) .
We considered bootstrap values of Bayesian Posterior Probabilities (PP) ≥0.95 as being strongly supported (Hillis & Huelsenbeck, 1992) .
| RE SULTS
| Morphology-based species identification
Of the 136 specimens collected, all specimens (100%) were identified to consist of 53 species belonging to 28 genera and 18 families based on morphology (Table 2 ). This included 46 (86.80%) species identified to species level and seven (13.20%) species that could not be assigned species level and thus referred to genus.
| Amplification success and sequence statistics
We obtained 130 sequences (all >500 bp) belonging to 53 morphologically identified species (Table 1) . This accounts for 95.60% amplification success rate (Table 1) . Even with repeated attempts, sequences of six samples did not amplify probably due to some technical problems. However, we did not perform multiple temperature gradients or used alternative primers for PCR amplification for failed samples, as this would increase laboratory cost, time and resources. After trimming ambiguous bases, overall consensus length of 537 nucleotide base pairs (bp) was used in the analyses.
The sequences contained 287 conserved sites, 260 variable sites and 250 phylogenetically informative sites. Overall base contents were as follows: A = 25.90%, C = 28.90%, G = 17.00% and T = 28.20%. No insertion, deletions and stop codon were observed;
hence, all the amplified sequences represent functional mitochondrial COI sequences. Novel sequences generated were deposited in GenBank (Table 1) under Accession Nos. MG824552-MG824685.
The COI sequences and related information for each specimen were also made publicly accessible via the BOLD systems website within "Diversity studies and DNA barcoding of Nigerian freshwater and marine fishes" project as part of the international fish barcode of life project.
| DNA sequence similarity-based species identification
All the 130 successfully amplified sequences were crossreferenced 
| Mismatch in taxonomy
Of the 53 morphologically identified species, 34 (64.20%) matched with species names assigned using morphological approach and GenBank database. Using BOLD database, only 19 (35.80%) were in accordance with species names assigned using both morphological and BOLD database (Table 2) . We observed cases of mismatch in names assigned to species using morphology and DNA barcoding approach. While species level assignments of 21 species (39.60%) were in accordance with species level identification made using morphology and DNA barcoding approach, our result revealed mismatch in species names assigned to 27 species (50.90%) using morphology and DNA barcoding. Comparing GenBank and BOLD databases, we encountered four (7.50%) cases of mismatches in which our query sequence for GenBank and BOLD showed a sequence match with different species names within 97% similarity cutoff (Table 2) . 
TA B L E 2 (Continued)
TA B L E 3 Barcode Index Number details of freshwater fishes from north-central Nigeria 
| Tree-based identification
We used HM883007 (Pellonula leonensis); and AP009231 (Pellonula vorax) as the out-group taxa to root the NJ tree (NJ) for the pooled COI sequences of freshwater fishes from north-central Nigeria (Figure 1 ).
From our NJ tree analyses, most individuals of same species (92.50%) clustered together. Most of the species clusters in the NJ tree were strongly supported (bootstrap values ≥95%) except for Alestes baremoze (bootstrap values = 57%). Furthermore, undescribed species (Chrysichythys sp., Malapterurus sp., Protopterus sp., Synodotis sp., and Schilbe sp.) formed strongly supported lineages in the NJ tree and were clearly separated from their sister species (Figure 1) . Thus, the NJ tree revealed that species identification based on morphological evidence and molecular methods are broadly consistent in most cases.
The K2P intergeneric COI sequence divergence values ranged from 0.30% to 31.40% (Table 4 ). The smallest intergenera genetic divergence values were observed between Hyperopisus and Brienomyrus (0.30%);
while the highest pairwise comparison was between Protopterus and Lates (31.40%) and between Parachanna and Malapterurus (31.30%).
We obtained interspecific divergence in the range of 0.30%-32.40% (Table S2 ). The least divergence (0.30%) was observed between
Hyperopisus bebe and Brienomyrus niger; while highest interspecific divergence (32.40%) was between Bagrus bajad and Protopterus sp. (Table S2 ). Intraspecific genetic distances range from 0.00% and 16.39% (Table S3) . We observed the highest intraspecific divergence in A. baremoze (16.39%) and Schilbe intermedius (4.14%) (Table S3 ).
3.6 | Applications of DNA barcode reference data
| Identification of unknown fish tissue samples
All sequences of the four unknown fish samples collected from fishermen were successfully amplified. Our query search of COI sequences of unidentified species 1 and 2 in GenBank showed 100% sequence TA B L E 4 Intergeneric pairwise genetic distance (%) of COI sequence data of freshwater fishes from north-central Nigeria using Kimura-2-parameter (Figure 2a) . Furthermore, unidentified species 2 clustered with H. niloticus from River Asa (Fig. 2b ). Unidentified species 3 and 4 showed, respectively, 99% and 100% DNA sequence similarity with Mormyrops anguilloides (AP011576) and S. intermedius (HM882935). In addition, unidentified species 3 and 4 clustered with M. anguilloides from Rivers Moro and Niger (Fig. 2c) , and S. intermedius from River Asa (Fig. 2d) , respectively. Therefore, DNA barcoding could aid in identification of unknown tissue samples. These unknown tissues samples could possibly be from fish collected from rivers across Nigeria.
| Uncovering cryptic diversity
Our NJ tree-based analyses of COI sequences of freshwater fishes from north-central Nigeria revealed that populations of S. intermedius consist of at least two distinct lineages (bootstrap values = 99%, Fig. 1 ). This illustrates possibility of cryptic lineage diversity within Nigerian S. intermedius. To test for this, we downloaded 29 sequences of S. intermedius from the GenBank (Table S1 ). The BI analysis was rooted with Schilbe marmoratus (GenBank no. KT193454) as out-group taxon Our BI analysis re- between the two West African (Nigerian) lineages (lineage A and C) and the least pairwise divergence (6.698%) was between East and Central Africa (Table 5) . Intraspecific genetic distances in all groups (except lineage B represented by one individual) fell between 0.091% and 1.31% (Table 5) .
| D ISCUSS I ON
In our study, DNA barcoding approach was very efficient in species identification. The success rates of DNA barcoding approach in our study (95.60%) was higher than the 93% success rate reported for Canadian freshwater fish (Hubert et al., 2008) and the 90% success rate reported for North American freshwater fish (April, Mayden, Hanner, & Bernatchez, 2011) . However, our DNA barcoding success rate was lower when compared to 100% success rate reported by Shen, Guan, Wang, and Gan (2016) and 98.30% success rate reported for Indian freshwater fishes (Lakra et al., 2015) . In most cases, our study shows that COI sequences effectively clustered most of the conspecific and congeneric species. This was also observed in similar studies in fishes from Upper Parana River Basin (Pereira, Hanner, Foresti, & Oliveira, 2013) , freshwater fishes from southeastern Nigeria (Nwakanma et al., 2015; Nwani et al., 2011) and freshwater fishes from southwestern Nigeria (Falade, Opene, & Benson, 2016) . In the studies of Nwani et al. (2011) , 70 species of the southeastern Nigeria were well identified using DNA barcoding approach. Most of the species recorded in our present study have been studied using DNA barcoding approach by Falade et al. (2016 ), Nwakanna et al. (2015 , and Nwani et al. (2011) . These previous studies represent a potential 
| Application of DNA barcoding reference data
We reported two applications of DNA barcoding: identifying unknown samples from fishermen and uncovering cryptic diversity.
In the case of the identification of unknown samples, DNA barcode reference data were very useful in identifying the unknown fish samples. Hence, the acquisition of DNA barcoding data will aid in species identification, which in turn, help in the conservation and management planning of Nigerian fishery resources. In
addition, DNA barcoding approach could be a relevant tool for identifying unknown samples for wildlife-related law enforcement and resolving a civil suit (Jeong, Byeung, Ki, & Su, 2013 Although the primary goal of DNA barcoding is to identify species, intraspecific phylogeographic structure became evident in our study. This reveals applicability of DNA barcoding in uncovering cryptic diversity within species. Detecting cryptic species from molecular biodiversity inventories for many systematic biologists is the most appealing application of DNA barcoding (Knebelsberger et al., 2014) . Populations of S. intermedius collected during our field survey were morphologically similar and their identification was controversial. However, in our study, DNA barcoding discriminated S. intermedius population from north-central Nigeria into two distinct clusters with intraspecific divergence of 4.18%. Our finding was consistent with previous studies (e.g., Benzaquem et al., 2015; Mat Jaafar et al., 2012; Mohammed et al., 2016; Van der Bank, Greenfield, Daru, & Yessoufou, 2012 ) that showed the effectiveness of DNA barcoding in uncovering cryptic lineage diversities in fishes.
There is the possibility that some of the identified lineages exhibit minute morphological differences that may have been overlooked in the past. However, due to the high rate of biodiversity loss, the distinct lineages uncovered from our study require consideration for conservation strategies and fishery management practice (Fraser & Bernatchez, 2001 ).
Comparison of our COI sequences with others from GenBank revealed existence of several more complexes of potentially cryptic lineages within S. intermedius. Contrary to previous studies (Nwani et al., 2011 ) that hypothesized two lineages of S. intermedius in Nigeria, our study revealed the presence of more than two lineages within this species in Nigeria. Increasing sample size and geographic sampling range may uncover more cryptic diversity within S. intermedius. Thus, our data is insufficient to explore the hypothesis of speciation within S. intermedius. To explore this hypothesis, it is necessary to sample these species across broad geographic range.
Careful examination of possible morphological variations and more genetic analyses would aid in determining whether the detected cryptic lineages be warranted species status. Thus, our study emphasizes the need for a more complete reference DNA barcode data across Nigeria for the detection of more cryptic diversity in freshwater fish.
| Reliability of DNA barcode reference data
The success of using DNA barcoding approach for species identification relies on the availability of high-quality reference sequences in 
| CON CLUS ION
Our study demonstrates the usefulness of DNA barcoding for the identification of fish species in north-central Nigeria and uncovering lineage diversity. This study contributes to the construction of DNA reference barcode data for Nigerian fish fauna. This study has therefore contributed important data for the species identification, which in turn will aid the management of freshwater fishes in Nigerian inland water bodies. Furthermore, it has provided additional data to the major databases of GenBank and BOLD. We also confirm that 
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